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HIGHLIGHTS 


•  Pt  was  electrodeposited  on  conductive  diamond  substrates  annealed  in  H2  or  02  stream. 

•  Hydrogenated  BDD  support  enables  enhanced  specific  surface  area  of  Pt  particles. 

•  Oxidized  BDD  substrate  renders  Pt  more  resistant  to  fouling  during  CH3OH  oxidation. 

•  CO  oxidative  desorption  occurs  more  readily  when  Pt  is  deposited  on  oxidized  BDD. 
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Boron-doped  diamond  (BDD)  films  were  annealed  in  hydrogen  or  oxygen  streams  and  were  further  used 
as  substrates  for  Pt  electrochemical  deposition.  SEM  and  AFM  measurements  have  shown  that,  from  the 
point  of  view  of  the  efficiency  of  noble  metal  utilization,  a  hydrogen-terminated  diamond  (HT-BDD) 
support  is  more  convenient  because  it  enables  better  dispersion  and  smaller  size  of  the  deposited  par¬ 
ticles.  An  enhancement  of  ca.  23%  of  the  electrocatalyst  specific  surface  area  was  observed  for  Pt/HT-BDD, 
compared  to  the  case  of  Pt  deposited  at  oxygen-terminated  diamond  (OT-BDD).  Nevertheless,  it  was 
found  that  when  deposited  on  oxidized  BDD,  Pt  particles  are  more  resistant  to  fouling  during  methanol 
oxidation.  Electrochemical  oxidation  of  adsorbed  carbon  monoxide  was  investigated  by  anodic  stripping 
voltammetry  and  it  was  demonstrated  that  the  use  of  OT-BDD  substrate  facilitates  oxidative  desorption 
of  CO  from  the  platinum  active  sites.  This  behavior  was  tentatively  ascribed  to  the  high  surface  con¬ 
centration  of  oxygenated  carbon  species,  evidenced  by  XPS,  which  may  act  as  oxygen  donors  and/or 
could  partially  weaken  Pt-CO  bonds,  thus  enabling  easier  CO  eviction  from  the  electrocatalyst  surface. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  ways  to  minimize  the  loadings  of  electrocatalytic  noble 
metals  without  losing  high  catalytic  activity  is  a  research  topic 
especially  germane  to  the  expected  upsurge  in  high-efficiency  fuel 
cells  utilization  [1-6].  In  this  respect,  a  particularly  apposite 
approach  is  thought  to  be  the  deposition  of  the  electrocatalyst  as 
small  particles  on  an  electrically  conductive,  high  surface  area 
support  which  ensures  a  large  number  of  reaction  sites  in  a  small 
volume  (see  Refs.  [7,8]  and  references  therein).  Unfortunately,  at 
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the  rather  positive  potential  common  for  oxygen  electrode,  the 
most  widely  employed  support  materials  for  fuel  cells  (carbon 
blacks  or  other  granular  and  pulverulent  carbonaceous  materials) 
can  undergo  irreversible  oxidation  at  non-negligible  rates,  which 
renders  the  electrode  less  electrically  conductive  and  can  even 
deleteriously  affect  its  mechanical  integrity  [9-11].  Even  at  the 
anode  in  direct  methanol  fuel  cells,  at  less  extreme  potentials,  these 
processes  can  be  a  problem  because,  no  matter  how  slight,  corro¬ 
sion  of  the  support  can  cause  the  metal  electrocatalyst  particles  to 
be  released  from  the  surface,  which  can  lead  to  the  loss  of  electrical 
contact  as  well  as  agglomeration  [12,13]. 

The  outstanding  chemical  stability  and  robustness  of  conductive 
boron-doped  diamond  (BDD),  together  with  its  excellent  electro¬ 
chemical  features  provide  a  rationale  for  this  material  to  be 
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considered  highly  suitable  for  being  used  as  substrate  for  electro¬ 
catalysts  in  some  fuel  cell  applications  [14-17].  Promising  elec¬ 
trochemical  results  have  been  reported  for  methanol  oxidation  at 
Pt  and  Pt-based  alloy  particles  deposited  on  nonporous  BDD  films 
[18-23],  but  the  effectiveness  as  a  substrate  of  these  films  is  limited 
by  their  low  specific  surface  area.  In  an  attempt  to  compensate  for 
this  drawback,  boron-doped  diamond  particles  obtained  by  me¬ 
chanical  crushing  of  freestanding  BDD  polycrystalline  films  were 
also  used  as  catalyst  support  [24,25],  but  the  cost  for  such  powder  is 
currently  not  sufficiently  low  for  widespread  utilization  and  the 
size  of  the  BDD  particles  is  still  in  the  micrometric  range. 

However,  undoped  diamond  nanoparticles  are  actually  rather 
low  in  cost,  being  produced  by  detonation,  and  many  successful 
efforts  have  been  made  to  boron-dope  these  [26,27].  For  instance, 
commercially  available  diamond  nanoparticles  (particle  size,  5— 
6  nm)  were  doped  and  then  used  as  substrate  for  the  deposition  of 
homogeneously  dispersed  Pt  particles,  with  the  size  of  3-4  nm 
[28].  It  is  also  worthy  of  note  that  particle  diameters  of  3.4  nm  were 
recently  reported  for  platinum  deposited  on  diamond  nano¬ 
particles,  quite  comparable  to  those  of  3.0  nm  observed  for  com¬ 
mercial  Pt/E-Tek  catalyst  [29].  Thus,  there  are  reasons  to  believe 
that  with  diamond  nanoparticles  as  support,  and  by  using  appro¬ 
priate  Pt  deposition  methods,  it  would  be  possible  to  obtain,  at  least 
for  small-scale  applications,  highly  active  electrocatalytic  materials 
at  a  reasonable  price. 

Unlike  sp2-type  carbon  supports,  chemical  or  electrochemical 
oxidation  of  diamond  leads  only  to  the  change  of  the  hydrogen- 
terminated  surface  (which  inherently  appears  since  the  films  are 
grown  under  hydrogen  plasma  or  in  a  hydrogen  atmosphere)  into 
an  oxygen-terminated  one,  with  negligible  loss  of  material  [30]. 
Furthermore,  the  types  of  stable  C-0  surface  functional  groups,  e.g., 
C-O— C,  C=0,  and  C-OH,  that  can  exist  on  oxidized  diamond  may 
not  exist  on  the  graphite  surface  to  the  same  extent  [31,32].  This 
feature  could  be  important  because  it  was  shown  that  the  presence 
of  oxides  or  oxygenated  functional  groups  on  the  carbonaceous 
substrate  can  strongly  influence  both  the  dispersion  level  and  the 
activity  of  the  electrocatalysts  [33-35].  Recently,  it  has  also  been 
reported  that,  when  deposited  on  oxide-carbon  composites,  plat¬ 
inum  particles  exhibit  better  resistance  to  carbon  monoxide 
poisoning  36].  Boron-doped  diamond  is  well  known  as  an 
extremely  suitable  electrode  material  for  many  applications  (see  for 
example  [37,38]  and  references  therein)  but  lesser  investigated  is 
the  effect  of  its  surface  termination  on  the  electrochemical  per¬ 
formances  of  deposited  electrocatalysts. 

The  present  work  was  aimed  at  studying  the  potential  benefits 
of  using  oxygen-terminated  conductive  diamond  as  a  substrate  for 
platinum  deposition,  with  an  eye  to  fuel  cell  applications.  Methanol 
and  carbon  monoxide  oxidation  in  acidic  media  were  used  to  assess 
the  practical  utility  of  Pt-modified  oxidized  BDD  electrodes. 

2.  Experimental 

For  this  study,  highly  boron-doped  (ca.  1021  atoms  cm-3)  poly¬ 
crystalline  diamond  films  grown  on  Si  wafers  by  microwave 
plasma-assisted  chemical  vapor  deposition  were  used  as  working 
electrodes  for  the  electrochemical  deposition  of  platinum  particles. 
H2PtCl6  (ca.  40%  Pt)  and  the  pure  gases  (02,  H2,  Ar,  CO)  were  ob¬ 
tained  from  Fluka  and  Linde,  respectively  and  were  used  as 
received.  All  the  other  compounds  were  of  analytical  reagent  grade, 
and  all  the  solutions  were  prepared  using  doubly  distilled  water. 

The  electrochemical  experiments  were  performed  at  room 
temperature,  under  deaerated  conditions,  in  a  conventional  three- 
electrode  glass  cell,  by  means  of  a  PAR  273A  potentiostat.  A  high 
surface  platinum  gauze  and  a  Ag/AgCl  electrode  (in  saturated  KC1 
solution)  were  used  as  counter  and  reference  electrodes, 


respectively.  For  CO  stripping  measurements,  the  electrolyte  solu¬ 
tion  (0.5  M  H2S04)  was  purged  with  Ar  for  30  min,  and  then  carbon 
monoxide  adsorption  was  carried  out  by  bubbling  CO  into  the  so¬ 
lution  for  15  min.  Finally,  argon  was  bubbled  again  for  30  min  to 
remove  dissolved  CO.  During  the  entire  treatment,  the  potential  of 
the  electrode  was  kept  constant  (-0.25  V). 

The  morphology  of  the  samples  was  investigated  by  scanning 
electron  microscopy  (SEM)  with  a  high  resolution  microscope 
(Quanta  3D  FEG  with  Everhart— Thornley  secondary  electron  de¬ 
tector),  and  by  atomic  force  microscopy  (AFM)  measurements 
performed  in  the  non-contact  mode  by  means  of  XE-100  apparatus 
from  Park  Systems.  Topographical  AFM  images  were  taken  over  an 
area  of  20  x  20  pm2  and  for  appropriate  display  and  subsequent 
statistical  analysis  of  the  data  XEI  (v.1.8.0)  software  was  used.  Sur¬ 
face  analysis  performed  by  X-Ray  Photoelectron  Spectroscopy  (XPS) 
was  carried  out  on  a  Quantera  SXM  equipment,  with  a  base  pres¬ 
sure  in  the  analysis  chamber  of  10-9  Torr.  The  X-ray  source  was  Al 
Ka  radiation  (1486.6  eV,  monochromatized)  and  the  overall  energy 
resolution  was  estimated  at  0.65  eV  by  the  full  width  at  half 
maximum  of  the  Au  4f7/2  line.  In  order  to  take  into  account  the 
charging  effect  on  the  measured  binding  energies  (BE)  the  spectra 
were  calibrated  using  the  Cls  line  corresponding  to  the  diamond 
core  excitation  (BE  =  283.5  eV).  To  minimize  the  effect  of  inad¬ 
vertent  contamination  of  the  samples,  a  ca.  0.5  nm-thick  layer  was 
removed  from  the  surface  by  gentle  argon  ion  etching  (1  keV, 
0.2  min). 

Prior  to  platinum  electrodeposition,  the  surface  of  the  BDD 
electrodes  was  subjected  either  to  a  hydrogenation  treatment  or  to 
an  oxidation  one,  by  using  slightly  modified  versions  of  methods 
previously  described  in  the  literature  [39  .  Briefly,  hydrogenation 
was  performed  by  heating  conductive  diamond  samples  for  2  h  in  a 
hydrogen  atmosphere  at  900  °C,  whereas  oxidized  surfaces  were 
achieved  by  exposure  to  oxygen  gas  at  550  °C  for  3  h.  After  these 
thermal  treatments,  the  electrodes  thus  obtained  (further  denoted 
as  HT-BDD  and  OT-BDD,  respectively)  were  gradually  cooled  at 
room  temperature  and  then  used  as  substrates  for  Pt  particles. 

Platinum  deposition  was  carried  out  from  a  0.5  M 
H2SC>4  +  4.8  mM  H2PtCl6  solution,  by  applying  several  consecutive 
potentiostatic  pulses  of  two  seconds’  duration  each  (applied 
potential,  -0.1  V),  and  the  Pt  loading  was  then  calculated  from  the 
cathodic  charge  integrated  during  electrodeposition.  Before  further 
experiments,  all  Pt-modified  diamond  electrodes  (Pt/HT-BDD  and 
Pt/OT-BDD)  were  thoroughly  washed  with  bidistiled  water  and 
then  successive  cyclic  voltammograms  were  recorded  in  0.5  M 
H2SC>4  (potential  range,  -0.25  V-1.25  V;  sweep  rate,  50  mV  s-1), 
until  a  stable  response  was  obtained  (ca.  10  cycles). 

3.  Results  and  discussion 

It  is  reasonable  to  assume  that  in  order  to  straightforwardly  put 
into  evidence  the  effect  of  the  oxygen-terminated  diamond  sub¬ 
strate  on  the  electrochemical  behavior  of  platinum  particles,  Pt/OT- 
BDD  electrodes  should  be  compared  on  a  relative  basis  with  those 
obtained  by  depositing  similar  amounts  of  platinum  on  an  oxygen- 
free  BDD  surface.  Although,  due  to  the  high  dissociation  energy  of 
C-H  chemisorbed  bonds,  hydrogenated  as-deposited  diamond  is 
generally  regarded  as  stable  toward  adsorption  of  atmospheric 
gases,  it  was  found  that,  after  a  more  or  less  prolonged  exposure  to 
air,  the  presence  of  a  certain  amount  of  oxygen  on  the  surface 
cannot  be  avoided  [40].  Complete  removal  of  oxygenated  species 
requires  hydrogen-plasma  treatments  [41]  but  more  accessible 
methods,  such  as  strong  cathodic  polarization  in  acidic  aqueous 
media  [42,43]  or  thermal  treatments  in  hydrogen  atmosphere  [39], 
have  also  been  successfully  used  in  order  to  achieve  an  over¬ 
whelming  majority  of  C— H  bonds  on  the  diamond  surface.  For  the 
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present  work  HT-BDD  and  OT-BDD  supports  were  prepared  by 
annealing  BDD  samples  in  hydrogen  and  oxygen  streams,  respec¬ 
tively  (see  Experimental  Section).  It  is  worth  noting  that  such 
thermal  treatments  can  also  be  easily  employed  for  purposeful 
modification  of  the  surface  of  conductive  diamond  powder  sup¬ 
ports,  which,  for  obvious  experimental  reasons,  would  be  more 
difficult  to  achieve  by  using  electrochemical  or  plasma-based  pro¬ 
cedures.  Thus,  there  are  reasons  to  believe  that  the  results  of  this 
investigation  could  provide  a  basis  for  additional  experiments 
involving  practical  electrocatalyst  supports  for  fuel  cells. 

Earlier  studies  concerning  the  effect  of  the  chemical  termination 
on  the  electrochemistry  of  diamond  films  have  shown  that  redox 
species  with  negative  charge  are  very  sensitive  to  the  presence  of 
oxygen-containing  surface  groups  [41,44,45  .  Therefore  cyclic  vol¬ 
tammetry  in  a  0.5  M  H2SO4  + 1  mM  I<4Fe(CN)6  solution  was  used  for 
assessing  the  effectiveness  of  the  above  pre-treatments,  typical 
results  being  shown  in  Fig.  1.  Ere  this,  the  surface  of  the  investigated 
electrodes  was  analyzed  by  XPS  and  the  corresponding  narrow- 
scan  spectra  in  the  Ols  region  are  given  in  the  inset  from  Fig.  1. 
Without  any  pre-treatment,  a  ca.  110  mV  anodic-cathodic  peak 
separation  (A Ep)  was  observed  at  the  BDD  electrode  (curve  1  from 
Fig.  1 )  which  dovetails  with  a  quasi-reversible  electron  transfer.  As 
curve  2  shows,  at  HT-BDD  electrodes  AFP  slightly  decreases  sug¬ 
gesting  that  the  apparent  electron  transfer  at  the  diamond  surface 
was  somewhat  accelerated  by  the  hydrogenation  treatment. 
Conversely,  at  OT-BDD  a  much  higher  peak  separation  (ca.  580  mV) 
was  obtained  (curve  3)  which  clearly  indicates  a  significant 
decrease  in  the  heterogeneous  electron  transfer  rate  constants. 
These  results  were  not  unexpected  because  a  similar  behavior  was 
previously  reported  for  electrochemically  oxidized  and  for  oxygen- 
plasma  treated  BDD  and  was  ascribed  to  the  fact  that  oxygen  spe¬ 
cies  from  the  diamond  surface  can  act  as  repulsive  sites  with 
respect  to  the  redox  species  with  negative  charge  [31,41].  Actually, 
as  the  XPS  analysis  demonstrate  (see  the  inset  in  Fig.  1),  compared 
to  untreated  BDD,  thermal  oxidation  leads  to  an  increase  of  nearly 
3.5  times  of  the  oxygen  surface  concentration,  whereas  hydroge¬ 
nation  results  in  its  slight  decrease  (with  less  than  15%),  in  line 
with  the  corresponding  variation  of  AFP  evidenced  by  cyclic 
voltammetry. 

Pre-treated  BDD  samples  were  further  used  as  substrate  for  Pt 
electrochemical  deposition  and  the  behavior  of  the  electrodes  thus 
obtained  (Pt/HT-BDD  and  Pt/OT-BDD)  was  firstly  gauged  by 
running  several  consecutive  cyclic  voltammetric  experiments,  until 
a  stable  response  was  recorded  (see  Experimental  Section).  After 
stabilization,  the  surface  of  the  Pt-modified  BDD  electrodes  was 


Fig.  1.  Cyclic  voltammograms  recorded  in  a  0.5  M  H2S04  +  1  mM  K4Fe(CN)6  solution 
(sweep  rate,  50  mV  s-1)for  untreated  BDD  (1),  HT-BDD  (2)  and  OT-BDD  (3)  electrodes. 
Inset:  corresponding  narrow-scan  XPS  spectra  in  the  Ols  region. 


examined  by  SEM,  and  Fig.  2  shows  characteristic  micrographs 
obtained  both  for  Pt/HT-BDD  (Fig.  2(a))  and  Pt/OT-BDD  (Fig.  2(b)) 
with  similar  platinum  loadings  (40.4  and  40.8  pg  cm-2,  respec¬ 
tively),  together  with  the  corresponding  voltammetric  patterns.  It 
appears  that,  compared  to  oxidized  BDD,  the  use  of  an  HT-BDD 
substrate  enables  a  more  even  spread  and  a  smaller  average  size 
(ca.  200  nm)  of  the  deposited  Pt  particles,  although  the  presence  of 
aggregates  is  also  observed.  The  less  uniform  distribution  of  the 
particles  across  the  surface  of  OT-BDD  and  the  wider  variation 
range  of  their  size  (Fig.  2(b))  can  be  plausibly  ascribed  to  the  fact 
that  active  sites  at  which  PtCli-  ions  reduction  occurs  are  partially 
blocked  by  oxygen-containing  groups,  as  previously  postulated  for 
BDD  substrates  oxidized  by  prolonged  anodic  treatments  (see  Ref. 
[46]  and  references  therein).  Due  to  this  blockage,  further  Pt 
deposition  will  take  place  more  readily  on  already  deposited  par¬ 
ticles  which  accounts  for  the  higher  tendency  toward  large  cluster 


Fig.  2.  Characteristic  SEM  micrographs  for  Pt/HT-BDD  (a)  and  Pt/OT-BDD  (b)  electrodes 
recorded  after  stabilization  of  the  voltammetric  response.  Insets:  corresponding  stable 
cyclic  voltammograms  recorded  in  0.5  M  H2S04  at  a  sweep  rate  of  50  mV  s-1.  Platinum 
loadings  (pg  cm-2):  (a)  40.4;  (b)  40.8. 
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formation  evidenced  for  Pt/OT-BDD  electrodes  by  SEM  measure¬ 
ments  (Fig.  2(b)). 

As  insets  from  Fig.  2  demonstrate,  the  shape  of  the  voltammetric 
response  recorded  for  both  types  of  electrodes  after  stabilization  is 
typical  for  the  behavior  of  platinum  in  acidic  media,  which  enables 
the  estimation  of  the  active  surface  area  of  the  electrocatalyst  from 
the  charge  associated  with  hydrogen  adsorption,  corrected  for  that 
of  the  double  layer.  Thus,  integration  of  the  cathodic  charge  within 
the  potential  range  -0.2  to  0.1  V  yielded  values  of  the  hydrogen 
adsorption  charge  of  ca.  90.7  and  ca.  74.4  pC  cm-2  for  Pt/HT-BDD 
and  Pt/OT-BDD,  respectively.  By  assuming  a  value  of 
0.21  mC  cm-2  for  smooth  platinum  surface  [47]  and  by  taking  into 
consideration  the  corresponding  values  of  the  platinum  loading, 
specific  surface  areas  of  ca.  1.07  and  ca.  0.87  m2  g-1  can  be  roughly 
estimated  for  Pt  particles  supported  on  HT-BDD  and  OT-BDD.  These 
values  are  well  below  those  required  for  practical  applications, 
which  is  obviously  the  result  of  the  relatively  low  specific  surface 
area  of  the  diamond  film.  However,  the  above  findings  are  note¬ 
worthy  because  they  indicate  that,  in  terms  of  efficiency  of  noble 
metal  utilization,  HT-BDD  is  better  suited  to  be  used  as  support  for 
the  electrocatalyst. 

The  effect  of  the  substrate  pre-treatment  on  the  morphology  of 
the  platinum  deposit  was  also  examined  by  AFM  and,  as  typical 
images  from  Fig.  3  illustrate,  the  results  corroborate  the  conclusions 


Fig.  3.  AFM  images  of  Pt/HT-BDD  (a)  and  Pt/OT-BDD  (b)  electrodes  recorded  after 
stabilization  of  the  voltammetric  response.  Platinum  loadings  (pg  cm-2):  (a)  40.6;  (b) 
40.3. 


of  the  SEM  investigation  suggesting  that  the  use  of  a  hydrogenated 
BDD  substrate  enables  more  uniform  distribution  of  electro- 
deposited  Pt  particles.  Interestingly,  statistical  analysis  of  the  AFM 
results  yielded  for  the  two  types  of  electrodes  different  kurtosis 
(fiku)  parameters.  Thus,  a  value  of  3.16  was  found  for  Pt/HT-BDD, 
very  close  to  that  corresponding  to  a  perfectly  random  surface 
(fiku  =  3),  indicating  a  rather  Gaussian  surface  distribution. 
Conversely,  the  higher  value  observed  for  Pt/OT-BDD  (R\m  =  5.11) 
attests  preferential  agglomeration  of  electrocatalyst  particles  [48], 
in  agreement  with  the  proclivity  towards  cluster  formation  evi¬ 
denced  by  SEM. 

XPS  was  employed  in  order  to  analyze  the  surface  of  the  Pt- 
modified  pre-treated  BDD  electrodes  and  Fig.  4  shows  narrow- 
scan  spectra  in  the  C  Is  and  Pt  4f  regions,  both  for  Pt/HT-BDD  (a, 
b)  and  Pt/OT-BDD  (c,  d).  It  was  observed  that,  for  hydrogenated 
BDD,  C  Is  core  level  spectrum  could  be  deconvoluted  into  three 
peaks  (Fig.  4(a)).  The  most  intense  peak  (at  283.5  eV)  is  charac¬ 
teristic  to  bulk  diamond,  i.e.  carbon  bonded  only  to  carbon.  Con¬ 
cerning  the  second  peak,  with  lower  intensity,  the  assigned  value  of 
the  binding  energy  (BE,  284.9  eV)  revealed  the  presence  on  the 
surface  of  adventitious  carbon  from  the  ambient,  which  can  not  be 
avoided  without  taking  special  precautions  during  measurements 
and  samples  handling  [49].  The  third  peak,  at  even  higher  BE 
(286.5  eV),  can  be  ascribed  to  the  presence  of  carbon  singly  bonded 
to  oxygen  (C-OH  and  C— O-C)  [41]  and  the  relative  surface  con¬ 
centration  of  these  oxygenated  species  was  found  to  be  of  ca.  2.4%. 

For  Pt/OT-BDD  electrodes,  high  resolution  spectra  (Fig.  4(c)) 
exhibited  an  additional  peak  (BE,  ca.  288.4  eV)  attributed  to  C=0 
groups  [45]  (relative  surface  concentration,  2.6%),  together  with  an 
enhancement  of  the  peak  corresponding  to  carbon  singly  bonded  to 
oxygen  (up  to  6.5%).  It  therefore  appears  that  the  overall  surface 
concentration  of  oxygenated  carbon  species  is  ca.  3.7  times  higher 
for  Pt/OT-BDD  electrodes  than  for  the  Pt/HT-BDD  ones,  in  good 
agreement  with  the  results  of  XPS  measurements  in  the  O  Is  region 
(see  above). 

In  both  cases,  deconvoluted  Pt  4f  spectra  put  into  evidence 
elemental  platinum  only.  It  was  observed  that,  compared  to  the  less 
intense  doublet  (BE,  71.3  and  74.6  eV)  which  is  typical  of  the 
presence  of  Pt  particles,  the  more  intense  one  is  shifted  towards 
lower  binding  energy  values,  which  is  a  characteristic  of  platinum 
metallic  clusters  [50].  In  terms  of  relative  surface  concentration,  Pt 
clusters  prevailed  (ca.  65%  for  Pt/HT-BDD  and  ca.  80%  for  Pt/OT- 
BDD),  whereas  Pt  particles  concentration  was  always  lower  (ca. 
35%  and  ca.  20%,  respectively).  These  findings  are  in  line  with  the 
higher  tendency  for  cluster  formation  evidenced  by  SEM  for  OT- 
BDD-supported  platinum. 

In  order  to  check  whether  or  not  BDD  pre-treatments  affect  in 
any  way  the  electrocatalytic  activity  of  supported  platinum, 
methanol  anodic  oxidation  in  acidic  media  was  chosen  as  a  test- 
reaction.  Long-term  polarization  measurements  were  performed 
in  a  0.5  M  H2SO4  +  2.46  M  CH3OH  solution  and  Fig.  5  shows  typical 
chronoamperometric  curves  recorded  for  electrodes  with  similar 
platinum  loadings  at  an  applied  potential  of  0.55  V.  For  a  more 
straightforward  comparison  of  the  results  on  a  relative  basis,  the 
oxidation  current  (/)  was  normalized  by  its  maximum  value  (/max). 
It  was  found  that  for  short-time  electrolysis  (ca.  3  min)  the  time 
dependence  of  the  current  exhibits  a  rather  sharp  decrease  for  both 
types  of  electrodes,  although  after  ca.  5  min  this  decrease  becomes 
slower  at  Pt/OT-BDD.  Thus,  after  150  min  of  continuous  polariza¬ 
tion,  the  oxidation  current  at  Pt/HT-BDD  electrodes  reached  ca.  13% 
of  its  initial  value  while  that  for  Pt/OT-BDD  decreased  only  to  ca. 
21%  (curves  1  and  2,  respectively).  This  is  an  indication  of  the  fact 
that,  when  deposited  on  oxidized  diamond,  platinum  is  less  sen¬ 
sitive  to  deactivation  (e.g.  via  CO  poisoning)  during  methanol 
oxidation  in  acidic  media. 
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Fig.  4.  Narrow-scan  XPS  spectra  for  Pt/HT-BDD  (a,b)  and  Pt/OT-BDD  (c,d)  electrodes 
recorded  after  stabilization.  In  the  C  Is  region  (a,c)  the  spectra  were  fitted  by  over¬ 
lapping  Gaussian-Lorentzian  curves  assigned  to:  (1)  diamond;  (2)  adventitious  car¬ 
bon;  (3)  carbon  singly  bonded  to  oxygen;  (4)  C=0  groups.  In  the  Pt  4f  region  (b,d)  of 
the  spectra  the  doublets  are  assigned  to:  (1)  Pt  metallic  clusters;  (2)  Pt  particles.  (The 
additional  peak  (s)  corresponds  to  a  satellite  line  which  has  the  same  binding  energy  as 
the  primary  4f5/2  line  but  does  not  numerically  alter  the  spectra.). 


Fig.  5.  Chronoamperograms  for  methanol  oxidation  recorded  in  a  0.5  M 
H2S04  +  2.46  M  CH3OH  solution  at  Pt/HT-BDD  (1)  and  Pt/OT-BDD  (2)  electrodes 
(applied  potential,  0.55  V).  Inset:  stripping  voltammograms  of  adsorbed  CO  (corrected 
for  the  background  current)  recorded  in  0.5  M  H2S04  at  a  sweep  rate  of  20  mV  s-1  at 
Pt/HT-BDD  (1)  and  Pt/OT-BDD  (2)  electrodes.  (For  other  conditions,  see  text.)  Platinum 
loadings,  same  as  in  Fig.  2. 


To  explain  this  behavior,  the  electrochemical  oxidation  of 
adsorbed  CO  was  also  investigated  (see  Experimental  Section)  and 
the  inset  from  Fig.  5  shows  typical  anodic  stripping  voltammo¬ 
grams  (corrected  for  the  background  current)  for  Pt/HT-BDD  (curve 
1)  and  Pt/OT-BDD  (curve  2)  electrodes  with  similar  platinum 
loadings.  To  better  emphasize  the  effect  of  the  pre-treatments,  the 
carbon  monoxide  oxidation  current  was  always  normalized  to  the 
active  surface  area  of  the  platinum  deposits,  estimated  by  cyclic 
voltammetry  (see  above).  Although  the  current  responses  are  quite 
complex,  it  was  found  that  the  stripping  charge  which  corresponds 
to  CO  oxidation  is  roughly  the  same  in  both  cases  (238  and 
246  pC  cm-2  for  Pt/HT-BDD  and  Pt/OT-BDD,  respectively),  indi¬ 
cating  a  rather  similar  surface  coverage  of  the  platinum  active  sites. 
Nevertheless,  at  Pt/OT-BDD  the  CO  stripping  peak  is  slightly  shifted 
towards  lower  potential  values  (with  ca.  60  mV),  supporting  the 
conclusion  that,  when  the  electrocatalyst  is  deposited  on  oxidized 
BDD,  the  overall  process  of  CO  anodic  oxidation  is  facilitated  to  a 
certain  extent. 

Anodic  oxidation  of  irreversibly  adsorbed  carbon  monoxide  (i.e., 
in  the  absence  of  solution-phase  CO)  at  platinum  electrodes  has 
received  substantial  attention  in  the  literature.  Depending  on  the 
accumulation  potential,  several  peaks  (usually  intermingled)  were 
observed  in  stripping  voltammetry,  ascribed  to  the  contribution  to 
the  overall  oxidation  process  of  CO  species  differently  bound  to  Pt 
active  sites  [36,51-54].  Some  details  of  the  reaction  pathway  are 
still  controversial  but  it  was  shown  that  CO  stripping  is  best 
described  by  a  Langmuir-Hinshelwood  mechanism,  notwith¬ 
standing  that,  in  many  cases,  the  voltammograms  also  exhibited  a 
well-defined  prepeak  for  which  different  mechanisms  have  been 
hypothesized  (see  Ref.  [55]  and  references  therein).  Although  the 
particular  binding  geometry  of  the  different  CO  adsorbed  species 
responsible  for  the  multiplicity  of  electrooxidation  peaks  remains 
somewhat  abstruse,  it  is  widely  accepted  that  two  main  forms  are 
involved  in  the  overall  process:  a  “weakly  adsorbed”  one  which  is 
oxidized  at  lower  potential  (in  the  so-called  preoxidation  region) 
and  a  “strongly  adsorbed”  state  of  the  CO  which  is  oxidized  at 
higher  potentials  (usually  higher  than  ca.  0.6  V  vs.  reversible 
hydrogen  electrode)  [53].  Despite  the  fact  that  the  shape  of  the 
voltammetric  responses  corresponding  to  the  oxidation  of  differ¬ 
ently  adsorbed  CO  species  might  not  be  always  symmetrical,  it  was 
previously  shown  that  the  charge  associated  to  them  could  be 
reliably  estimated  by  deconvoluting  the  background-corrected 
stripping  voltammograms  into  Gaussian  peaks  [56,57].  In  line 
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with  these  findings,  the  voltammetric  responses  of  the  Pt-modified 
BDD  electrodes  were  fitted  by  assuming  four  overlapping  peaks,  as 
illustrated  in  Fig.  6.  A  single  broad  peak  (labeled  I)  was  associated 
with  the  preoxidation  region,  whereas  at  potential  values  higher 
than  ca.  0.45  V  the  stripping  voltammograms  were  characterized  by 
three  merging  peaks  (labeled  II,  III,  and  IV).  Experimental  and 
calculated  data  were  in  excellent  agreement  both  for  Pt/HT-BDD 
(R2  =  0.9995)  and  Pt/OT-BDD  (R2  =  0.9993),  and  the  correspond- 
ing  peak  potentials  were  found  to  be  0.34  and  0.33  V  for  peaks  I, 
0.60  and  0.62  V  for  peaks  II,  0.76  and  0.74  for  peaks  III,  and  0.86  V 
for  peaks  IV  (see  Fig.  6(a)  and  (b)).  Inferring  mechanistic  details 
concerning  CO  oxidation  is  not  an  easy  task  and  was  beyond  the 
scope  of  the  present  work.  We  should  note,  however,  that  the 
closeness  of  the  peak  potentials  for  each  of  the  four  peaks  strongly 
suggests  that  the  processes  responsible  for  their  occurrence  are,  at 
both  types  of  electrodes,  very  similar.  After  deconvolution,  the 
integration  of  the  charge  under  these  peaks  has  shown  that  at  Pt/ 
OT-BDD  electrodes  ca.  5.2%  and  ca.  34.3%  of  the  total  stripping 
charge  is  associated  to  CO  oxidation  within  the  range  of  peaks  I  and 
II  respectively,  whereas  at  Pt/HT-BDD  the  corresponding  pro¬ 
portions  are  only  of  ca.  4.2%  and  ca.  16.5%.  Conversely,  in  the  latter 
case,  a  more  important  amount  of  CO  is  oxidized  at  higher  poten¬ 
tials  within  the  range  of  peaks  III  and  IV,  involving  ca.  51.7%  and  ca. 
27.6%  of  the  total  charge  while,  at  Pt/OT-BDD  electrodes,  the  cor¬ 
responding  percentages  were  found  to  be  of  ca.  38.3%  and  ca.  22.2%, 
respectively. 

It  is  difficult  to  explain  this  behavior  without  further  detailed 
work.  Nevertheless,  it  seems  reasonable  to  conjecture  that  there 
could  be  a  small  co-catalytic  effect  of  the  OT-BDD  surface,  resulting 
from  the  higher  surface  concentration  of  oxygenated  carbon  spe¬ 
cies.  Due  to  their  proximity  to  the  Pt  particles,  these  species  could 
be  available  to  act  as  oxygen  donors  and  may  assist  in  the  oxidative 
desorption  of  the  carbon  monoxide.  Another  possibility  is  that  CO 
adsorption  at  OT-BDD-supported  platinum  particles  is  somewhat 
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Fig.  6.  Deconvolution  of  the  anodic  stripping  voltammograms  recorded  at  Pt/HT-BDD 
(a)  and  Pt/OT-BDD  (b)  electrodes  during  CO  oxidative  desorption.  Solid  lines  represent 
voltammograms  fitted  by  assuming  four  overlapping  peaks  (dashed  lines). 


weaker,  simply  because  of  the  electrostatic  repulsion  exerted  by 
these  oxygenated  species.  Although  these  issues  remain  to  be 
addressed,  these  results  are  noteworthy  since  they  indicate  that,  in 
terms  of  readiness  of  CO  desorption,  there  is  a  slight,  but  none¬ 
theless  significant,  inherent  advantage  of  the  Pt/OT-BDD  electrodes. 
For  fuel  cell  applications,  this  feature  may  be  important  because  it 
could  provide  a  simple  pathway  for  improving  the  resistance  to  CO 
poisoning  of  Pt  particles  during  methanol  anodic  oxidation. 

4.  Conclusions 

In  recent  years  much  attention  was  given  to  the  use  of 
conductive  diamond  as  support  for  electrocatalysts,  triggered  not 
only  by  the  obvious  advantages  of  this  material  (outstanding 
electrochemical  features,  excellent  electrochemical  and  mechanical 
stability),  but  also  by  the  promising  results  of  the  efforts  to  boron- 
dope  inexpensive,  commercially  available,  nanodiamond  particles. 
This  growing  interest  prompted  us  to  investigate  the  effect  of  the 
oxygenated  carbon  species  from  the  BDD  surface  on  the  electro¬ 
chemical  behavior  and  catalytic  activity  of  deposited  platinum 
particles. 

In  order  to  achieve  the  oxidation  of  the  polycrystalline  diamond 
surface,  a  thermal  method  was  preferred  which  is  also  suitable  for 
the  modification  of  BDD  powder  surface.  Oxygen-terminated  BDD 
was  further  used  as  substrate  for  Pt  electrochemical  deposition.  To 
better  emphasize  the  effect  of  the  chemical  termination  of  the 
surface,  electrodes  obtained  by  depositing  Pt  on  thermally  hydro¬ 
genated  BDD  samples  were  also  used,  for  comparison.  SEM  and 
AFM  measurements  have  shown  that,  from  the  point  of  view  of  the 
efficiency  of  noble  metal  utilization,  hydrogen-terminated  BDD  is 
more  convenient  because  its  use  as  a  substrate  enables  better 
dispersion  and  smaller  size  of  the  deposited  Pt  particles.  Thus,  for 
HT-BDD-supported  platinum,  an  enhancement  of  ca.  23%  of  the 
electrocatalyst  specific  surface  area  was  evidenced  by  cyclic  vol¬ 
tammetry,  compared  to  Pt/OT-BDD  electrodes.  Conversely,  long¬ 
term  polarization  experiments  suggested  that,  when  deposited  on 
oxidized  BDD,  platinum  particles  are  more  resistant  to  fouling 
during  methanol  anodic  oxidation.  Electrochemical  oxidation  of 
adsorbed  carbon  monoxide  was  investigated  by  anodic  stripping 
voltammetry  and  it  was  demonstrated  that  the  use  of  an  oxygen- 
terminated  BDD  substrate  facilitates  oxidative  desorption  of  CO 
from  the  platinum  active  sites.  This  behavior  was  tentatively 
ascribed  to  the  presence  of  a  large  amount  of  oxygenated  carbon 
species  which  may  act  as  oxygen  donors  and/or  could  partially 
weaken  Pt— CO  bonds,  thus  enabling  easier  CO  eviction  from  the 
electrocatalyst  surface. 
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